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Abstract 
The homogeneous water condensation in a vortex is numerically studied in the present work by using an extended method of 
moments (EMOM). The EMOM is based on the liquid phase so that the gas phase and the liquid phase can be treated separately, 
having their own governing equations respectively. The EMOM is integrated into a well validated numerical method-VAS2D 
(two-dimensional & axisymmetric vectorized adaptive solver), which is a MUSCL-type finite-volume method developed for the 
unstructured quadrilateral grids. The interactions between the two phases are realized through the source terms including the 
exchange of momentum and heat. The new numerical method is then applied to a vortex flow with a mixture of nitrogen and 
water vapor. Several cases with different initial situations are investigated. The evolution of the flow field is discussed. The case 
with the undersaturated gas apart from the nucleation region has a smooth diffusion of the droplets. But for the case with the 
supersaturated gas, the droplets continuously grow when they move to the new supersaturated region under the effect of 
centrifugal force. It leads to a more complex interaction between the vortex and the condensation. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM). 
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1. Introduction 
The phase transition of water from vapour into liquid is called condensation which can be divided into two 
kinds, the homogeneous condensation (the nuclei are water molecules) and the heterogeneous condensation (the 
nuclei are foreign particles). The homogeneous condensation can be found where the flow condition changes rapidly, 
such as in supersonic nozzles, shock tubes, stream turbines, etc. The process of homogeneous condensation includes 
the nucleation and the droplet growth. In order to simulate this process, the method of moments is introduced, which 
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describes the liquid phrase including the droplet size distribution and evolutions. Firstly the radius distribution 
function is defined which contains the information of the flow field and the droplets. Assuming that the distribution 
of the droplets is continuous in the carrier gas, the transport equation of the radius distribution function can be 
obtained as well as the moment equations, which reflect the number of droplets, the mean droplet radius, the mean 
droplet surface and the mean droplet volume. Hulburt [1] first introduced the method of moments from the 
perspective of the classical statistical mechanics to solve the condensation problem in 1964. It was required that the 
droplet growth rate must be linear with respect to the droplet’s radius. In 1966, Hill [2] put forward the form of the 
moment equations by approximating a mean droplet growth rate and applied it in numerical simulation. Since then 
the researchers followed his investigation and did a lot of work both in numerical study [3] and in theoretical study 
[4].  
However, these investigations approximate that the droplets do not slip relative to the surrounding gas phase 
and the radius distribution function is based on the mixture. So it cannot describe the difference between the two 
phases. As mentioned before, the homogenous condensation occurs where slipping may be strong which has already 
been observed in the experiments. In Luo’s work [3] on vortex shedding with condensation, it is clear that the 
droplet distribution in the vortex is influenced by the centrifugal force. In other words, there is much less droplets in 
the vortex center. The no-slip hypothesis failed in this case.  
The limitations of the no-slip hypothesis have been noticed before. Some researchers employed an Eulerian 
description of the gas phase and a Lagrangian description of the liquid phase. Compared with the method of 
moments, this approach required tracking a large number of droplet paths. The amount of calculation was extremely 
large even if the droplets were separated into groups to simplify the calculation. Others improved the method of 
moments. McGrew [5] introduced the quadrature method of moments to approximate the population balance 
equations. Fox [6] developed it and introduced a new method, the direct quadrature method of moments, which 
could express the difference of the two phases and have been applied for dilute gas-particle flows. Brown [7] did a 
series of work and developed a method of moments for computing aerosol systems with strongly coupled heat and 
mass transfer. However his method was still lack of momentum exchange between the two phases.  
The objective of the present paper is to extend the original method of moments in an alternative way to 
approximate the condensation flow with velocity slip between gas and droplets. By rewriting the moment equations 
based on the liquid phase instead of the mixture, the droplets will have their own velocity, which means the two 
phases can be treated respectively. Then we investigate the homogeneous condensation in a two–dimensional vortex 
where the velocity slip is not negligible and the original method of moments is invalid. The interaction of the two 
phases is fully coupled including the heat, mass and momentum exchange.  
2. Extended method of moments 
2.1. Extended moment equations 
To extend the original method of moments, some assumptions are first made: 
x The flow is inviscid and compressible; 
x The gravity is negligible; 
x The condensed droplets are considered as a dilute gas-particle system that the volume occupied by the liquid 
phase is negligible; 
x The droplets are spherical, and have a uniform internal temperature; 
x The collision of the droplets is not considered yet. 
The number of droplets of a particular radius, per unit volume at a specific time instant ݐ  and the spatial 
coordinate ܠ is defined as the radius distribution function ݂ሺݎǡ ݐǡ ܠሻ. The general dynamic equation of the radius 
distribution function with condensation but no collision of the droplets can be written as: 
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where ݎכ is the critical radius, ݑௗ  is the velocity of the liquid phase and ܬ is the nucleation rate. Similar to the 
establishment of the original moment equations, we multiply Eq. (1) by rk, with k an integer, and integrate it over r: 
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ˆ ˆ ˆ ˆ( ) ( )k k k kd d dj d d
j
r fdr r r f dr r u fdr r J
t r x
U U U Uf f f w w w   w w w³ ³ ³   (2) 
where݂ ؠ ߩௗ መ݂ and ܬ ؠ ߩௗܬመ with ߩௗ the liquid phase density. The second term on the left hand side of Eq. (2) can 
be further evaluated: 
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Noticing that there is no droplet with an infinite radius, the first term on the right hand side of Eq. (3) is zero. The 
second term on the right hand of Eq. (3) can be simplified with a mean droplet growth rate:  
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Different from the original method of moments, here we define the kth-order moment based on the liquid phase: 
0
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The extended moment equations can be obtained by combining Eq. (2), (3), (4), (5): 
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The nucleation rate and the mean droplet growth rate adopt the physical model by Lamanna [8] and Gyarmathy [9] 
respectively. 
As we can see, the extended moment equations are similar to the original ones, while the mixture phase density is 
replaced by the liquid phase (the droplets phase) density. This substitution enables the liquid phase to have its own 
velocity and enthalpy. 
2.2. Numerical method 
The EMOM is integrated into the well validated numerical method-VAS2D [10] (two-dimensional & 
axisymmetric vectorized adaptive solver), which is a MUSCL-type finite-volume method developed for the 
unstructured quadrilateral grids. The exchange of momentum and heat between the two phases are presented in the 
forms of the source term. 
3. Numerical results 
The method is applied to a two-dimensional swirling flow with a mixture of nitrogen and water vapor. The 
tangential velocity of the swirling flow is the same as that in a Rankine vortex and can be expressed as: 
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where ܴ ൌ ʹ is the radius of the forced central core in the Rankine vortex and ȳ ൌ ͳͶͺ͹Ͳିଵ is the angular 
velocity. The computational domain is a circle with the radius of 100 cm, which is large enough to make the 
influence of the boundary negligible. The edge of the minimal grid is about 0.5 mm. The pressure and the 
temperature of the stationary far field are 10 kPa and 298 K respectively. 
Several cases with different saturation S, defined as the partial pressure of vapor divided by the saturated vapor 
pressure, are considered. The condensation process and the liquid phase density have been investigated. Fig. 1 and 
Fig. 2 show the evolution of the liquid phase density contour with S=1.2 and S=0.6 for far field respectively. It can 
be seen that the homogeneous nucleation occurs in the core region where the saturation level is high enough. Once 
the condensation occurs, the latent heat is released and a series of waves are formed, which can be seen in the first 
picture (ݐ ൌ ͳͲߤݏ) of Fig. 1. When the droplets form, they leave the core area under the effect of centrifugal force. 
In the beginning the diffusion of the droplets is fast, and then it slows down and stops at last, for the interaction of 
the two phases making the droplet velocity and the gas velocity tend to be equal. If the gas is still supersaturated 
apart from the nucleation region, the droplets will continue to grow when they move to the supersaturated part. The 
larger a droplet grows, the more it is influenced by the centrifugal force. In the meantime, the influence of the 
centrifugal force is also determined by the droplet velocity. These two aspects lead the droplets with different 
distances from the center to move away from each other, and cause a circular pattern of the liquid phase distribution. 
Comparing the Fig. 1 with the Fig. 2, it can be found that the distribution pattern is more complex for the case with 
higher initial far field saturation. 
 
 
Fig. 1. Evolution of liquid phase density contour with S=1.2 for far field. ( א ሾͲ̱ͲǤͲʹ  ଷΤ ሿ) 
 
Fig. 2. Evolution of liquid phase density contour with S=0.6 for far field. ( א ሾͲ̱ͲǤͲͳͶ  ଷΤ ሿ) 
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Fig. 3. Parameters along the polar axis with S=0.6, 0.12 and 1.2 for far field (ݐ ൌ ʹǤͺ݉ݏ),  
(a) liquid phase density; (b) pressure; (c) temperature. 
The parameters along the polar axis at time ݐ ൌ ʹǤͺ are shown in Fig. 3. The Fig. 3 (a) shows the density of 
the liquid phase. Every extremum point on the curves stands for a circle in the density contour picture. The 
maximum points of each curve are on the right side, which are caused by the droplet growth. Figs. 3(b) and 3(c) 
show the pressure and temperature respectively. The influence on pressure and temperature is mainly reflected in the 
increase of them at the center point. Meanwhile, for S=0.6 and S=1.2, there are fluctuations of temperature where 
the maximum points of the density occur.  
4. Conclusion 
An extended method of moments has been developed. This method can deal with the condensation flow with 
mass, momentum and heat transfer between the two phases. By integrating the method into the numerical method-
VAS2D, a swirling flow with condensation is simulated. The evolution of the condensation process and the 
parameters along the polar axis are investigated. It is found that the droplets diffuse smoothly for the case with the 
undersaturated gas apart from the nucleation region. But for the supersaturated case, the liquid phase distribution has 
a more complex circular pattern under the effect of the droplet growth and velocity change. 
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